Visual search in progressive supranuclear palsy. by Smith,  D.T. & Archibald,  N.
Durham Research Online
Deposited in DRO:
11 January 2019
Version of attached ﬁle:
Accepted Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Smith, D.T. and Archibald, N. (2018) 'Visual search in progressive supranuclear palsy.', in Processes of
visuo-spatial attention and working memory. Berlin, Heidelberg: Springer, pp. 305-324. Current topics in
behavioral neurosciences.
Further information on publisher's website:
https://doi.org/10.1007/7854201872
Publisher's copyright statement:
This is a post-peer-review, pre-copyedit version of a chapter published in Current topics in behavioral neurosciences.
The ﬁnal authenticated version is available online at: https://doi.org/10.1007/7854201872
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
1 
 
Cite as Smith D.T., Archibald N. (2018) Visual Search in Progressive Supranuclear Palsy. In: . Current Topics in 
Behavioral Neurosciences. Springer, Berlin, Heidelberg 
1 
 
Visual Search in Progressive Supranuclear Palsy 
Daniel T. Smith1 and Neil Archibald2 
1. Department of Psychology, Upper Mountjoy, Durham University, Durham, UK. 
2. South Tees Hospitals NHS Foundation Trust, The James Cook University Hospital, Middlesbrough, UK 
 
 
 
Abstract   
Progressive Supranuclear Palsy is often considered as disease of the motor system and is 
characterised by a profound oculomotor impairment. The oculomotor system is also known to be 
fundamentally important in cognitive processes such as attention and working memory but the way 
in which these functions are affected by PSP is not well understood. In this chapter we outline the 
pathology and typical presentation of PSP, with a focus on the oculomotor impairment, briefly 
outline the role of the oculomotor system in spatial cognition and discuss some key studies 
examining spatial attention and memory in PSP. We then present new data from a study that 
specifically examined the effect of PSP on visual search. Our results demonstrated a profound 
impairment of visual search which is most severe for feature search along the vertical axis. These 
findings are interpreted with respect to the biased competition theory of attention and we discuss 
possible clinical applications of our results.   
 
Acknowledgement 
We are very grateful to the members of the Middlesbrough, Durham and Sunderland branches of 
the PSP Association for their assistance and participation in this study. 
 
  
2 
 
Cite as Smith D.T., Archibald N. (2018) Visual Search in Progressive Supranuclear Palsy. In: . Current Topics in 
Behavioral Neurosciences. Springer, Berlin, Heidelberg 
2 
 
1. Progressive Supranuclear Palsy  
Progressive Supranuclear Palsy (PSP), or Steele-Richardson-Olszewski syndrome (Steele, 
Richardson, & Olszewski, 1964) is a progressive neurodegenerative disorder with a population 
prevalence of 5–6 cases per 100,000 and an incidence of 1 to 2 per 100,000 per year (Bower, 
Maraganore, McDonnell, & Rocca, 1997; Nath et al., 2001; Schrag, Ben-Shlomo, & Quinn, 1999). PSP 
is characterised by progressive gait disturbance, including frequent backward falls, and a vertical 
gaze palsy. Other clinical features include bradykinesia, axial and limb rigidity, speech and 
swallowing problems and both cognitive and behavioural changes (Golbe, 2014; Höglinger et al., 
2017). There is considerable clinical heterogeneity, however, making diagnosis challenging (Boxer et 
al., 2017). Post-mortem studies suggest misdiagnosis rates are high, with many patients either 
incorrectly diagnosed in life, or dying without an explanation for their symptoms (Williams et al., 
2005; Yoshida et al., 2017). Patients typically present in their 5th-7th decade and mean survival is 6-9 
years (Glasmacher, Leigh, & Saha, 2017).  
Although PSP is often described as an “Atypical Parkinsonian” disorder, and may be 
misdiagnosed as Parkinson’s disease (PD), it is a neuropathologically distinct entity. PSP is associated 
with the deposition of hyperphosphorylated tau as neurofibrillary tangles, neuropil threads, and 
fibrillary gliosis in the cortex, basal ganglia and brainstem (Dickson, Ahmed, Algom, Tsuboi, & 
Josephs, 2010). Tau proteins are involved in the development of the microtubules that maintain the 
structure of cells in the brain. Hyperphosphorylation of tau occurs when the phosphorylation sites 
become saturated, causing the protein to dissociate from the microtubules. This dissociation results 
in the destabilization of microtubule, leading  to the disruption of signalling between neurons. This 
disruption is likely to account for the neurological problems experienced by people with PSP.   The 
dissociated tau protein also accumulates into neurofibrillary tangles that disrupt intracellular 
functions and may contribute to the pathology of PSP. Different patterns of tau distribution may 
contribute to the clinical variability in presentation and progression. For example, prominent cortical 
3 
 
Cite as Smith D.T., Archibald N. (2018) Visual Search in Progressive Supranuclear Palsy. In: . Current Topics in 
Behavioral Neurosciences. Springer, Berlin, Heidelberg 
3 
 
pathology may explain the broad range of cognitive impairments seen in PSP, including  problems 
with executive functions (Gerstenecker, Mast, Duff, Ferman, & Litvan, 2013; Robbins et al., 1994), 
apathy (Brown et al., 2010), impulsivity (Zhang et al., 2016) and social cognition (Ghosh et al., 2012 
see Burrell, Hodges and Rowe 2014 for a review). In contrast, the oculomotor problems observed in 
PSP are more likely to be explained by degeneration of premotor centres in the midbrain and 
brainstem responsible for the production of eye-movements, rather than the cortical oculomotor 
network. PSP is characterised by the vertical paralysis of gaze, but as the disease progresses 
horizontal saccades are also lost, along with other oculomotor behaviours such as vergence (Chen et 
al., 2010). The vertical ophthalmoplegia is likely caused by degeneration of two key midbrain 
structures:  the medial longitudinal fasciculus (riMLF), which contains the premotor neurons that 
drives vertical eye-movements, and the interstitial nucleus of Cajal (INC), which controls the 
maintenance of stable fixation.  It seems likely that vertical saccades are lost before horizontal 
saccades because the riMLF is more rostral than the parapontine reticular formation (which controls 
horizontal saccades) and succumbs earlier in disease progression (Chen et al., 2010; Steele et al., 
1964).  
 
2. Visuospatial Attention  
 Visuo-spatial attention allows us to select information from task-relevant locations at the 
expense of signals from irrelevant locations. The focus of attention is often compared to a spotlight 
on a theatre stage (Posner, 1980), such that the region of space within the spotlight ‘illuminated’ by 
attention, and processed preferentially to region outside the spotlight (although in fact attending to 
a location appears to increase the perceived contrast and improves spatial resolution, rather than 
enhancing perceived  luminance per se (Carrasco, Ling, & Read, 2004; Yeshurun & Carrasco, 1998)). 
Like a spotlight on a stage, the focus of attention can be moved around the environment, and there 
are two different mechanisms that control this orienting of attention.  Attention can be can be 
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guided endogenously, in response to the observers goals and desires, or exogenously, in response to 
salient events in the environment. These two modes of orienting appear somewhat independent of 
one another. For example, orienting of exogenous attention is rapid but transient, such that 
attentional facilitation is maximal ~150ms after the onset of a cue but then rapidly decays. In 
contrast endogenous orienting is relatively slow, reaching its peak ~300ms after cue onset, but 
sustained (Muller & Rabbitt, 1989) . The exogenous mode of orienting is also involuntary, to the 
extent that certain types of stimuli, such as sudden onsets, summon attention even when the 
participant is aware that the target is unlikely to appear at the cued location (Posner, 1980). 
Endogenous orienting is largely under conscious control. Consistent with the behavioural evidence 
that these two modes of orienting are dissociable, exogenous and endogenous orienting appear to 
activate different networks of brain areas (Corbetta & Shulman, 2002) 
Both modes of attention are typically associated with an actual movement of the eyes, 
which brings the location of interest into the fovea. This mode of orienting is often referred to as an 
overt shift of attention. However, attentional orienting can occur covertly, such that the spotlight of 
attention is moved around while the eyes remain fixated (Posner, 1978). These exogenous and 
endogenous modes of attentional facilitation are complemented by an inhibitory mechanism 
(Inhibition of Return) that biases the visual system away from previously explored parts of a display 
(Posner, Rafal, Choate, & Vaughan, 1985). This inhibitory effect has a perceptual component, which 
suppresses visual input from salient parts of the scene and a motor component, which biases the 
eye-movement  system against programming movements towards parts of the scene that have 
already been gazed at (Hilchey, Klein, & Satel, 2014; Klein, 2000).  
At a theoretical level, the cognitive mechanisms mediating visuospatial attention are 
generally agreed to be tightly coupled to the systems that control eye-movements (Awh, Armstrong, 
& Moore, 2006), see also Hunt, Reither, Hilchey & Klein (2018). For example, the brain areas 
involved in saccade control are spatially overlapping with those implicated in spatial attention 
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(Corbetta et al., 1998; de Haan, Morgan, & Rorden, 2008), and temporary neurodisruption of these 
brain areas with Transcranial Magnetic Stimulation leads to impairments of both spatial attention 
and saccade control (Zangemeister, Canavan, & Hoemberg, 1995), attentional orienting (Chambers, 
Stokes, & Mattingley, 2004; Fierro et al., 2000; Grosbras & Paus, 2002; Smith, Jackson, & Rorden, 
2005, 2009b) and visual search (Lane, Smith, Schenk, & Ellison, 2012a, 2012b; Muggleton, Juan, 
Cowey, & Walsh, 2003). Furthermore, there is a mandatory shift of attention to the goal of a 
saccadic eye-movement (Shepherd, Findlay, & Hockey, 1986), even when  the observer knows a 
target is more likely to appear at a different location (Deubel & Schneider, 1996), and there are 
several examples of neuropsychological associations between impaired oculomotor function and 
disrupted covert orienting of attention (Craighero, Carta, & Fadiga, 2001; Gabay, Henik, & Gradstein, 
2010; Smith, Jackson, & Rorden, 2009a; Smith, Rorden, & Jackson, 2004; Smith & Schenk, 2012). The 
tight coupling between oculomotor control and spatial attention can also be observed in healthy 
participants whose eye-movements have been experimentally constrained. These participants show 
a deficit of covert attention in regions of space that cannot be reached with a saccadic eye-
movement (Craighero, Nascimben, & Fadiga, 2004; Morgan, Ball, & Smith, 2014; Smith, Ball, & 
Ellison, 2014; Smith, Ball, Ellison, & Schenk, 2010; Smith, Rorden, & Schenk, 2012), which is 
particularly severe for exogenous orienting. Given that PSP is associated with a profound oculomotor 
impairment, and oculomotor impairments are associated with deficits of covert attention (Smith & 
Schenk, 2012), it seems reasonable to predict that people with PSP will have a deficit of covert 
attention, and this deficit will be more severe for tasks that engage exogenous attention.  
Consistent with this idea, Rafal and colleagues conducted a series of experiments using 
Posner’s cueing task (1980) to examine the extent to which the vertical paralysis of gaze affected 
orienting of attention in PSP (Posner, Cohen, & Rafal, 1982; Posner et al., 1985; Rafal, Posner, 
Friedman, Inhoff, & Bernstein, 1988). Exogenous orienting was assessed by presenting a cue in the 
periphery which, after a variable delay (10,150,350,550ms) was followed by a target. This target 
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appeared at the cued location on 50% of trials, thus removing the incentive for participants to 
voluntarily attend to the cued location. Critically, on half the trials stimuli appeared along the 
horizontal axis, and on the other half they were aligned vertically. In healthy participants one 
typically observes faster reaction times at the cued location, but only when the delay between cue 
and target onset is short (<150ms). In contrast, when the delay is longer than ~300ms, reactions 
times to targets at the cued location are slowed by IOR (Posner & Cohen, 1984).  This is exactly the 
result observed by Rafal et al., (1988) in a group of patients with Parkinson’s Disease (PD), and the 
pattern was the same for horizontally and vertically presented arrays. In contrast, patients with PSP 
showed a very marked horizontal/vertical asymmetry. Specifically, the facilitatory effect of 
peripheral cues appearing along the vertical axis was significantly weaker than those along the 
horizontal axis, and was delayed until 350ms. Furthermore, patients with PSP did not present the 
normal IOR effect at longer cue-target delays when stimuli were presented along the vertical axis, 
whereas IOR was normal along the horizontal axis (Posner et al., 1985). Endogenous orienting was 
assessed using an arrow cueing task, in which a centrally presented arrow correctly indicated the 
location of the upcoming target on 80% of trials. In this task the cues elicited endogenous shifts of 
attention that had a similar time-course irrespective of the axis along which attention was oriented, 
although the benefit was slightly smaller along the vertical axis. Rafal et al., conclude that PSP is 
associated with deficits of visuospatial attention, and link these deficits to the ophthalmoplegia.   
These data seem to suggest that people with PSP have a deficit of exogenous, covert 
attention that is specific to the vertical axis and is not present in PD. It is plausible to interpret this 
deficit of exogenous orienting as a potentially unique, cognitive marker that can differentiate PSP 
from PD. Given the issues surrounding the problems of differentiating between PSP and PD, 
particularly early in disease progression, a specific cognitive marker for PSP might have important 
practical applications for the early and accurate diagnosis of PSP. However, we believe this 
interpretation may be somewhat premature, as there are several reasons to be cautious when 
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interpreting the data from these studies. Firstly the delay between cue and target onset was short 
the cue and target overlapped, such that the target was superimposed on the cue whereas at longer 
cue-target onset asynchronies (CTOAs) the target appeared on the background. Thus, there were 
differences in the visibility of the target at cued and uncued locations at short CTOAs which might 
account for some of the effects. Secondly, PSP is associated with akinesia which makes the 
interpretation of raw RT, which depends on the initiation of a button press, rather problematic. 
Unfortunately the study by Rafal makes no mention of the variance of the RT data in their sample, 
but the very high RT cut-off (3500ms) suggests a considerable variation in response times. Finally, 
using an arrow cueing task is not optimal for studying endogenous orienting because arrow cues are 
known to engage both endogenous and exogenous attentional processes (e.g. Ristic, Friesen, & 
Kingstone, 2002; Tipples, 2002), so cannot be considered a ‘pure’ measure of endogenous orienting.  
An alternative approach to examining visuo-spatial attention in PSP is to use a visual search 
task rather than the Posner cueing task. Visual search requires participants to detect the presence or 
absence of a target item amongst distracters. Varying parameters such as the salience of the target 
and the number of distracters allows the measurement of search efficiency, which refers to the 
amount of change in reaction time caused by adding additional distracter items(J.M. Wolfe, 2003). 
When the target of the search is defined by a single, salient feature such as orientation or colour, 
search can be highly efficient, such that the target seems to ‘pop-out’ and additional distractors have 
a negligible effect on search time (<10 ms per additional item). This type of search engages more 
reflexive exogenous attentional processes. In contrast, when the target is non-salient or 
characterised by a conjunction of features participants must engage more endogenous, effortful 
attentional processes to search through each item in a serial fashion until they detect the target (J.M 
Wolfe, 1998). This type of search is inefficient, such that additional distractor items have a 
substantial effect on search time (>30ms/item).  
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There are several other advantages to using search tasks over cueing tasks to measure 
attention in PSP. Firstly, it is easier for patients to understand the task as there is a single visual 
event for them to detect (the target), and they do not have to worry about accidentally responding 
to cues. Secondly, because there is no salient pre-cue, the effects of covert attention are unlikely to 
be confounded with the effects of IOR. Thirdly, by examining both the overall RTs and search 
efficiency it may be possible to partly control for the high levels of variance in RT. Fourthly, visual 
search tasks are known to be sensitive to disruptions to the oculomotor system in healthy 
participants, such that feature search is impaired when targets appear at locations that cannot 
become the goal of a saccadic eye-movement, whereas conjunction search is unaffected (Smith et 
al., 2014; Smith et al., 2010). In contrast, the effect of disrupting the oculomotor system on cueing 
tasks is less consistent, with some authors reporting disruption to  exogenous orienting but 
preserved endogenous orienting, social attention and perceptual  IOR (Morgan et al., 2014; Smith et 
al., 2012), others arguing for disrupted endogenous orienting (Craighero et al., 2004) and a recent 
report of disrupted perceptual IOR (Michalczyk, Paszulewicz, Bielas, & Wolski, 2018). Finally, visual 
search tasks are closer to the ‘real-world’ than cueing tasks so offer a somewhat more ecologically 
valid measure of visuospatial attention than cueing tasks.  
Several studies have examined visual search in PSP, typically as part of a larger battery of 
neuropsychological tests. These studies suggest that visual search is indeed impaired in PSP 
compared to PD. For example, Kimura, Barnett, and Burkhart (1981) presented 20 line drawings of 
familiar objects  on a vertical surface and examined how long it took for patients to locate a target 
picture. Patients with PSP were significantly slower than patients with PD, patients with frontal 
lesions and patients with occipital lesions. This last result is notable, given that patients with 
occipital lesions are likely to suffer some form of cortical blindness so might be expected to struggle 
with visual search tasks (e.g. Lane, Smith, Ellison and Schenk 2010). Two other studies also report 
that people with PSP perform worse than PD patients on the Visual Search Test (Monza, Soliveri, 
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Radice, & et al., 1998; Soliveri et al., 2000). However, these latter two studies are hard to interpret in 
terms of visuospatial attention, as the Visual Search Test used by Monza et al., actually measures the 
ability to name pictures of objects, rather than the ability to locate a target stimulus among 
distractors. Furthermore, the description of the impairment is rather incomplete. Specifically, the 
tasks all require patients to identify complex drawings of objects, which is likely to engage 
endogenous attentional processes, but none of the studies explicitly examined feature search in PSP. 
The extent to which feature search is also disrupted in PSP therefore remains unknown. Neither do 
the studies report performance on target-absent trials, which is an important indicator of 
participants’ ability to correctly terminate a search in the absence of a target. Furthermore, none of 
the studies varied set size, making it impossible to know whether PSP impairs only the speed of 
search, or whether it also affects the efficiency of the search. With respect to the impact of 
ophthalmoplegia on visuospatial attention, unlike the cueing task of Rafal et al., these studies did 
not directly compare search times for targets on the horizontal and vertical axis. So, although 
previous studies offer some evidence that visual search is relatively impaired in PSP, they do not 
offer a very complete characterisation of the visual search impairment, nor do they speak to the 
theoretical claim that the attentional impairment in PSP is linked to the oculomotor impairment. The 
work described in the next section attempts to address some of the issues by examining visual 
search in groups of patients with PSP. 
  
3. Methods 
Participants 
Seventeen participants with Progressive Supranuclear Palsy (PSP) were approached via the 
Movement Disorder Service at The James Cook University Hospital, Middlesbrough. Twelve agreed 
to participate (6 male aged 63-80, mean age 71) and seven with PD (age 64-69, mean 66). All 
participants with PSP met the National Institute of Neurological Disorders and Stroke and Society for 
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PSP, Inc. (NINDS-SPSP) (Litvan et al., 2003) criteria for clinically probable or definite PSP.  The study 
was approved by the North East - Newcastle & North Tyneside 1 Research Ethics Committee 
(15/NE/0254) and Durham University Department of Psychology Research Ethics Committee.  
 
Stimuli & Apparatus 
The experimental stimuli were generated using a Cambridge Research Systems ViSaGe 
graphics card and displayed on a 17-inch Sony Trinitron CRT monitor with a refresh rate of 100Hz. 
Responses were collected using a two-button button-box. Saccadometry was performed using a 
BioPac 150 recording EOG at 500 Hz. The visual search target was a blue ‘c’ shape oriented at 45°. In 
the Feature search task the all distractor items were also blue ‘c’s, oriented at 215°. In the 
Conjunction search task distractors could also be ether  blue ‘c’s, oriented at 215° or yellow ‘c’s, 
oriented at 45° (see Figure 1). Array items were presented at 10° from the centre of the screen on a 
black background. In 4-item arrays the stimuli appeared on the cardinal compass directions (N, E, S, 
W). In 8-item arrays stimuli appeared at cardinal directions and intermediate points (N, NE, E, SE, S, 
SW, W, NW). Participants sat 50cm from the display with the head supported by a chinrest. 
 
 
Fig 1 Examples of eight item visual search arrays. The left panel shows the feature search and the 
right the conjunction search. 
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Procedure 
Eight participants with PSP completed a saccadometric test to establish the extent of their 
ocular motility.  In this test participants were presented with a black spot at fixation. After 2000ms 
the spot jumped into the periphery. Participants were instructed to follow the spot with their eyes 
and press a button when they were fixating it. Following the button press the spot returned to the 
centre and the next trial began. Each run consisted of 10 jumps that increased in magnitude in 1° 
steps, starting with a 1.5° jump. Participants completed 4 runs (Centre-Up, Centre-Left, Centre-
Down, Centre-Right).  
Following the saccadometry patients completed the visual search tasks. All AMC and seven 
patients with PSP completed both tasks. Two patients with PSP completed the Feature search task 
but not the Conjunction search task and three patients with PSP completed the Conjunction but not 
the Feature search tasks. Thus 8 patients completed the Feature search task and 9 patients 
completed the Conjunction search task. Both tasks began with the appearance of a fixation point for 
1000ms, followed by the appearance of a search array comprising 4 or 8 items. This array remained 
presented until a response was made. Participants were instructed to press one button when a 
target was present, and the other the target was absent. They were also instructed fixate the centre 
of the array and try not to make eye-movements. There was a 2:1 ratio of 8 item arrays to 4-item 
arrays and a 2:1 ratio of target present to target absent trials. On target present trials the target 
appeared at each location in the array with equal probability. All participants completed one block of 
36 practice trials and two blocks of 108 experimental trials.  
 
4. Results 
 
Saccadometry 
12 
 
Cite as Smith D.T., Archibald N. (2018) Visual Search in Progressive Supranuclear Palsy. In: . Current Topics in 
Behavioral Neurosciences. Springer, Berlin, Heidelberg 
12 
 
All PSP patients presented with supranuclear ophthalmoplegia that was more severe for 
vertical than horizontal saccadic eye-movements (this is a key diagnostic criteria for PSP and was 
established during clinical examination by a neurologist). The extent of the ophthalmoplegia was 
more formally assessed with saccadometry in 8/12 PSP patients. Vertical saccadic eye-movements 
were absent in all participants with PSP. Horizontal eye-movements were present in all patients. 
Table 1 shows the oculomotor ranges of the 8 participants for whom saccadometric data were 
available. The maximum amplitude of leftwards saccades was significantly reduced compared to that 
of rightwards saccades  than  (8.2° vs 9.6°; t(12) = 3.42, p < .01). The main sequence for horizontal 
saccades was also somewhat impaired in the PSP group, but was similar for left and rightwards 
saccades (Chen et al., 2010) 
  
Max Amplitude Main Seq   
ID Group  Left Right Up Down Left Right Meds 
1 PSP 11.5 11.5 0 0 0.16 0.1 - 
2 PSP 6.8 7.8 0 0 0.73 0.5 L 
3 PSP 7 8 0 0 0.70 0.89 - 
4 PSP 8.8 9.9 3 0 0.68 0.34 - 
5 PSP 6.3 8.9 0 0 0.38 0.64 A 
6 PSP 7.5 11 0 0 0.8 0.84 L 
7 PSP 10.1 10.5 0 0 0.3 0.6 D, L 
8 PSP 7.5 9 0 0 0.5 0.85 - 
Mean   8.2 9.6     0.53 0.59  
 
Table 1 Saccadometry results. The oculomotor range was defined as the point at which participants 
ceased to scale their eye-movements with increasing target eccentricity. The main sequence 
describes the correlation coefficient (Pearsons R) between saccade amplitude and peak velocity. 
Meds: A= Amantadine, D= Donepezil, L= Levodopa 
 
Feature Search  
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One patient in the PSP group had a median reaction time of >10s, so was excluded from the 
analysis. The remaining data were filtered to remove anticipations (<1%), incorrect responses (6% 
PSP), trials where the target appeared on at one of the intercardinal compass points (i.e. NE, SE, SW, 
NW) and Target Absent  trials. At each set size we collapsed trials where the probe appeared the N 
and S positions into a ‘Vertical’ condition, and trials where the probe appeared the E and W 
positions into a ‘Horizontal’ condition.  
The median reaction times for Target Present trials were subjected to a 2 x 2 x 3 factor 
ANOVA  with within-subjects factors of Set Size (4, 8) and TargetAxis (horizontal, vertical) and a 
between-subjects factor of Group (PSP, AMC).  We observed a significant 2-way interaction between 
Group and TargetAxis  (F(1,14) = 5.28, P <0.05, ή2 = .27). Inspection of Figure 2 (top row) suggests that 
this effect was driven by an increase in reaction time for targets appearing on the vertical axis that 
was specific to the PSP group. This impression was confirmed with a t-test (t(7) = 2.56 , p = .038). 
Overall the PSP group was significantly slower than the AMC group, (2951ms vs 936ms; F(1,14) = 
10.75, P < .01,  ή2= .26).  
We also examined the response accuracy using ANOVA.  The two groups had similar overall 
accuracy levels (94% for both groups), and there were no significant main effects of Set Size or 
Group and no interactions.  
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Fig 2 Feature (upper row) and Conjunction (lower row) Search times on Target Present trials in the 
PSP and Age Matched Control groups. Error bars show 95% within subject confidence intervals 
(Cousineau 2005) 
 
Figure 3 shows Feature Search times when no target was present. There was a main effect of 
Set Size, such that both groups were slower on the 8 item than the 4 item arrays F(1,14) = 4.91, P = 
.044, ή2= .26). However, there was no interaction between Set Size and Group F(1,14) = 1.99, P = .18, 
ή2 = .12). As with the target-present trials, there was a main effect of group, such that PSP group 
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were slower to respond than AMC group (3225ms vs 1036ms; F(1,14) = 6.81, P = .021, ή2 = .33). 
Accuracy on target-absent trials was also examined with a 2 (Set Size) x 2 (Group) ANOVA. The 
analysis revealed a significant interaction, such that the PSP group tended to produce more false 
positives as the array size increased from 4 to 8, whereas the AMC group produced fewer false 
positives as the set size increased (Figure 3).   
 
 
Fig 3 Mean RTs on Target Absent trials at each set size. Solid black bars show False Alarm rates (%). 
Error Bars show 95% within-subject confidence intervals. 
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Conjunction Search  
 The pattern of data in Conjunction Search was rather different to that in the Feature search 
task (see Figure 2 left column). Firstly, there was a significant main effect of Set Size, such that 
search was slower when there were 8 rather than 4 items in the search array (F(1,15) = 18.01, P < .01, 
ή2 = .55). Secondly, there was no interaction between Target Axis and Group (F(1,15) =1 .39, P = .26, 
ή2 = .09). However, there was a main effect of Group (F(1,15) = 13.37, P < 0.1, ή2 = .48), such that the 
PSP group were slower than the AMC group (1870 ms vs 873ms). The response accuracy was 
examined using ANOVA. As with in the Feature search, accuracy was similar in both groups (PSP 96% 
correct, AMC 97% correct) and there were no significant main effects or interactions. 
Figure 3 (bottom row) shows conjunction search performance on Target Absent trials. There 
was no main effect of Set Size (F(1,15) = 3.84, P = .07, ή2 = .20) and no interaction between Set Size 
and Group F(1,12) =1.16, P = .229, ή2 = .07) but there was a main effect of Group (F(1,12) = 5.55, P = 
.033, ή2 = .27), such that such that the PSP group were slower than the AMC group (2092 ms vs 916 
ms). The false alarm rate was also analysed, but there were no main effect or interactions.  
 
Search Efficiency  
 Search slopes were calculated by subtracting the median search time for 4-item arrays from 
the median search time in 8 item arrays, then dividing the result by 4 (the difference in the number 
of items in the arrays). A slope of 0ms/item is indicative of entirely parallel search, a slope greater 
than 0 indicates an increasingly serial search [Wolfe 2003]. In the AMC group the Feature slopes 
were clustered around 0 with a mean of 30 ms/item, which did not significantly differ from 0 (t(7)= 
1.33, p= .22, 95% CI [-23, 85]). Conjunction search slopes were all positive with a mean of 91 
ms/item, which was significantly different to 0 (t(6)= 8.63, p < .01, 95% CI [66, 116]).  In the PSP group 
Feature the mean slope was 312 ms/item (t(7)= 1.5, p= .18, 95% CI [-180, 806]). However, this result 
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is difficult to interpret due to the large heterogeneity in the slopes.  Conjunction search slopes for 
the PSP group were all above zero, with a mean of 203 ms/item (t(8)= 3.2, p= .014, 95% CI [54, 351]).  
 
5. Discussion  
To briefly summarize these results, the PSP group was significantly slower than the AMC 
group on target-present and target absent trials on both search tasks. Furthermore, patients with 
PSP showed an impairment of feature search along the vertical axis compared to the horizontal axis, 
but there was no vertical impairment during conjunction search. In contrast, search times of age 
matched controls were not affected by the location of the target. Accuracy of target detection was 
similar in the PSP and AMC groups. However, increasing set size during feature search led to more 
false alarms in the PSP group but fewer false alarms in the AMC group 
The finding that patients with PSP are significantly slower that age-matched control on both 
feature and conjunction search tasks indicates the presence of a problem with and is consistent with 
previous reports the PSP  impairs visual search in complex scenes (Kimura et al., 1981). However,  we 
have extended  the previous findings by demonstrating that  very simple feature search tasks are 
also slowed in PSP. This is an important result because Feature search tasks engage relatively rapid, 
automatic attentional process  that do not require a serial search through the scene. The fact that 
PSP disrupts feature search indicates that PSP interferes with the earliest stages of visual selection, 
and that the visual search impairment observed in PSP is not simply due to an inability to effectively 
explore the scene with eye-movements. Furthermore, it was also found that patients with PSP were 
slower than age matched controls to correctly reject no-target trials during the Feature Search task, 
and more likely to report false positives as set size increased. In contrast, the AMC group became 
slightly slower but more accurate. The two groups therefore appear to have adopted different 
speed-accuracy trade-offs in response to increasing task difficulty, with the PSP group becoming less 
efficient as task difficulty increased.  It is not entirely clear what causes this slowing, but one 
possibility is that the impaired search processes on target-present trials means that patients become 
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very conservative on target absent trials, perhaps even engaging in a very slow and effortful serial 
search through all the items to be sure that no target is present (Chun & Wolfe, 1996), or that they 
engaged in more guessing than the AMC group 
Overall our findings are in agreement  with previous observations by Rafal et al., (1989) and 
Posner et al. (1982) of impaired exogenous attentional orienting to peripheral cues presented along 
the vertical axis.  These data appear to offer confirmation that a fully functioning oculomotor system 
is required for normal exogenous orienting (Jackson et al., 2005; Smith et al., 2004). Furthermore, 
because PSP affects eye-movements very close to the output end of processing, it is tempting to 
conclude that the ability to make overt eye-movements is necessary to observe exogenous orienting. 
Such a conclusion would certainly be consistent with neuropsychological evidence that defective 
saccade execution caused by problems with the extraocular muscles is associated with impaired 
exogenous attention (Gabay et al., 2010; Smith et al., 2004).   
On first inspection the observation of impaired attention along the vertical axis appears 
broadly in line with the Premotor Theory of Attention (Rizzolatti, Riggio, & Sheliga, 1994), which 
argues that covert attention depends upon the intention to make a saccadic eye-movement. In this 
view,  both endogenous and exogenous attention depend on the selection of a saccade goal by the 
cortical and subcortical centres responsible for  eye-movements, principally the Frontal Eye Field 
(FEF), Lateral Intraparietal Area (LIP)  and Superior Colliculus (SC) (Fecteau & Munoz, 2006; Schall & 
Cohen, 2011). Indeed, there is a great weight of neurophysiological evidence that these areas are 
active during both saccade programming and covert orienting (Corbetta et al., 1998; de Haan et al., 
2008; Nobre, Gitelman, Dias, & Mesulam, 2000), and damage to these areas causes problems with 
eye-movements, covert orienting and visual search (Lane et al., 2012b; Muggleton et al., 2003; Smith 
& Schenk, 2012). However, on closer examination the interpretation is not quite so straightforward. 
The first potential problem with interpreting the results in terms of Premotor Theory is that the core 
oculomotor deficit in PSP is in the riMLF, a premotor structure in the brainstem that drives vertical 
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eye-movements (Chen et al., 2010; Steele et al., 1964).  Given that riMLF does not have any 
feedback connections to central oculomotor structures (Sparks & Mays, 1990) and is unlikely to be 
involved in the planning of a saccade, it isn’t entirely clear by what mechanism damage to riMLF 
could disrupt saccade programming.  Secondly, Premotor Theory predicts that an oculomotor 
impairment should be associated with deficits in both exogenous and endogenous orienting, but the 
PSP group were not slower to detect targets on the vertical compared to horizontal axis on the 
Conjunction search task. This latter finding is hard to reconcile with the notion of a strict coupling 
between endogenous orienting and the oculomotor system posited by Premotor Theory. 
The first problem may be resolved if one considers that the direct, feedforward connections 
between SC and riMLF leave SC vulnerable to retrograde transneuronal degeneration (Dinkin, 2017; 
Pinching & Powell, 1971), which describes a loss of presynaptic neurons as a consequence of loss of 
trophic support from the post-synaptic cells. This degeneration has been observed in other parts of 
the visual system, notably in the degeneration of the optic tract and LGN following lesions to striate 
cortex (Cowey, Alexander, & Stoerig, 2011; Kisvarday, Cowey, Stoerig, & Somogyi, 1991). If the loss 
of cells in riMLF leads to transneuronal degeneration in the SC, this damage would be greater for the 
parts of the SC that code eye-movements with a more vertical component. This damage would have 
a profound impact on the ability of the patient to programme vertical eye-movements, and thus 
potentially to orient attention in vertical space. In this way, transneuronal degeneration could 
explain the problems patients with PSP experience with feature search.  However, resolution of the 
first problem still leaves the question of why there is no difference between horizontal and vertical 
target detection during Conjunction in PSP, an issue which may only be resolved by appealing to an 
alternative theoretical framework, that of Biased Competition.  
The core idea of Biased Competition is that signals relating to stimulus salience (e.g. their 
brightness, size, contrast, orientation) compete with each other in a topographic map of space, 
called a salience map,  in a winner-takes-all competition (Desimone, 1998). The signal that wins the 
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competition can be read-out by the visual system to guide a shift of attention, or by the oculomotor 
system to guide a saccade eye movement. The oculomotor signals are self-reinforcing, such that 
activation in the oculomotor system is fed back into the salience map, thus further biasing activity in 
favour of the activated location (Bisley, Mirpour, Arcizet, & Ong, 2011). Competition in the salience 
map is also influenced by the current goals of the observer, such that the locations of stimuli that 
possess a feature known to be relevant to the current task are also prioritized. In this way the 
observer can bias the competition towards the stimuli that are most likely to be behaviourally 
relevant (J.M. Wolfe, 1994). At a conceptual level,  Fecteau and others have argued that because this 
Biased Competition relies on integrating low-level stimulus salience with top-down modulations, the 
map that represents the competition should be referred to a as a Priority Map, rather than a 
salience map (Fecteau & Munoz, 2006). Bisley and colleagues have convincingly argued that the 
Priority Map is instantiated in LIP (Bisley & Goldberg, 2010; Goldberg, Bisley, Powell, Gottlieb, & 
Kusunoki, 2002), as neural activation in this area correlates with both the onset of saccadic eye-
movements, and the covert selection of targets during visual search (Thomas & Pare, 2007).  This 
region has reciprocal connections with early visual areas, which allows for the modulation of visual 
signals that characterises visuospatial attention (e.g. Hillyard, Vogel, & Luck, 1998; Luck, Chelazzi, 
Hillyard, & Desimone, 1997), and with key oculomotor centres such as the Frontal Eye Field, which is 
critical for the generation of endogenous orienting signals, and the Superior Colliculus, which 
integrates visual and motor signals from cortical and subcortical pathways to specify a saccade goal 
(Munoz & Everling, 2004; White & Munoz, 2011). LIP therefore seems ideally placed to integrate 
signals from across a network of brain areas into a single Priority Map.  
For simple tasks where one item is highly salient (e.g. in a feature search task) the 
competitive interactions in the priority map converge to select a single location, which is then 
powerfully reinforced by the re-entrant activation from the oculomotor system (Barash, Bracewell, 
Fogassi, Gnadt, & Andersen, 1991). This feedback loop allows the visual system to very rapidly select 
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the location of the unique feature, irrespective of the number of distractors, which is the signature 
of efficient visual search (Wolfe, 1998). This selection is driven by bottom-up factors, is largely 
automatic and corresponds to Posners ‘exogenous’ mode of attention. A lesion to the oculomotor 
system that prevented it from reinforcing activation in the Priority map would have the effect of 
slowing down the selection of the salient location, but not abolishing it completely. This would 
manifest as impaired feature search when targets appeared at locations that could not be 
represented in the oculomotor system, exactly as we observed in the PSP group (see also Smith et 
al., 2014). For search tasks where the target has relatively low salience, as was the case in our 
conjunction search, there may be multiple peaks of activation in the priority map and the 
competition between the signals takes time to resolve. This in turn reduces the capacity for the 
oculomotor system to influence the competition, as the reinforcing signal from the oculomotor 
system is distributed across multiple locations. Instead, the competition is resolved by top-down 
processes that reflect to the observers strategic and conscious decisions about which potential 
target locations should be selected. These processes correspond to Posners ‘endogenous’ mode of 
orienting.  Thus, a lesion that disrupts oculomotor selection but spares top-down processes, such as 
the lesion that affects people with PSP, should not affect search that relies primarily on endogenous 
attentional processes. Consistent with this prediction we have previously shown that disrupting the 
oculomotor system does not impair conjunction search (Smith et al., 2014) or covert orienting to 
symbolic cues (Morgan et al., 2014; Smith et al., 2004; Smith et al., 2012). This interpretation also 
complements other evidence that  disruption of the oculomotor system  is associated with impaired 
spatial working memory in PSP (Smith & Archibald, 2018) and healthy participants (Ball, Pearson, & 
Smith, 2013; Pearson, Ball, & Smith, 2014),  as spatial working memory and spatial attention are 
hypothesised to rely on the same Priority map (Ikkai & Curtis, 2011). Overall the data from our PSP 
patients fits with a model of an attention system in which orienting of attention is realised via a 
process of Biased Competition in a Priority Map.  Activation in the oculomotor system provides an 
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input that biases this competition towards the saccade goal, but this bias may not necessarily be 
sufficient to orient attention to the saccade goal. This conclusion is contrary to the central 
predictions of Premotor Theory, and adds to the growing body of evidence that Premotor Theory 
does not offer an adequate account of the relationship between attention and oculomotor control. 
The observation that the deficit in exogenous spatial attention in PSP observed by Rafal et 
al., (1989) generalises to a feature visual search task may also have clinical value. An important issue 
in clinical practice is the diagnosis of PSP, which is often misdiagnosed as Parkinson’s disease. This is 
problematic because, although superficially PSP and PD often appear to be similar, the underlying 
pathology is very different. Misdiagnosis is upsetting for the patient and, because many patients 
with PSP have a poor response to standard treatments for Parkinson’s disease, may lead to the use 
of inappropriate or ineffective treatments. If PSP can be differentiated from PSP using simple 
cognitive tasks such as visual search, there seems to be the possibility of developing a cost effective 
tool that would make it easier to ensure that patent with PSP are correctly diagnosed at an early 
stage of the disease. With the advent of anti-tau immunotherapies as potential disease-modifying 
agents, earlier and more accurate clinical diagnosis will become increasingly important (Sigurdsson 
2016).These data may also help patients and carers better understand the cognitive effects of PSP. 
Specifically, spatial attention permits the efficient selection of task relevant information from the 
environment. When these processes go wrong it becomes much more effortful for the patient to 
select relevant information in the environment.  As a consequence, patients may find it harder to 
find everyday objects such as glasses, books and mugs etc, particularly in cluttered environments 
and may also become more distractible as they find it hard to ignore irrelevant objects. Better 
understanding of the cognitive impacts of PSP may help patients and carers develop more effective 
strategies for coping with PSP.  
To summarize, we set out to replicate and extend Rafal et al’s., claim that covert spatial 
attention is disrupted in PSP. We examined feature and conjunction search in patients with PSP and 
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compared their performance to that of age-matched controls. Consistent with the results of Rafal et 
al., our patients with PSP had an impairment of feature search that was particularly severe when 
targets appeared along the vertical axis, and not observed during conjunction search. The visual 
search of age matched controls was not affected by the location of the target.  We argue that that 
PSP interferes with the ability of the oculomotor system to contribute to competitive interactions in 
the priority map, thus reducing the efficacy of feature search.  From a theoretical perspective the 
results are consistent with our weak ‘exogenous only’ version of Premotor Theory (Smith & Schenk 
2012), and from a clinical standpoint these findings may have relevance for developing new tools to 
assist with the early diagnosis of PSP. 
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